Transcranial Doppler Cerebrovascular reactivity Vasomotor reactivity test Microembolic signal a b s t r a c t Aim: Carotid artery stenosis can result in the brain tissue injury related to the intracranial aterial flow disturbances as well as microembolic complications. The choice of the proper therapy in patients with carotid artery stenosis, especially asymptomatic, remains still a significant clinical problem. The study aim was an assessment of the cerebral embolism and brain vascular reserve parameters in patients with carotid artery stenosis regarding the occurrence of the clinical symptoms, the degree of stenosis as well as plaque morphology. Methods: The study included 60 patients, with internal carotid artery stenosis. The degree of stenosis, the atherosclerotic plaque surface and morphology were assessed by the means of Duplex Doppler ultrasound. Cerebrovascular reactivity (vasomotor reactivity reserve test and Breath Holding Index) and monitoring of the microembolic signals (MES) were assessed with transcranial Doppler ultrasound examination (TCD). Results: The vasoreactivity parameters were significantly lower in the group of patients with stenosis ≥70% and in patients with ulcerations on the plaque surface. Microembolic signals were recorded significantly more often in symptomatic patients; in patients with stenosis ≥70%; in patients with ulcerations on the plaque surface and those with hypoechogenic plaque structure. Conclusions: Microembolic signals in patients with symptomatic carotid stenosis are one of the ultrasound features of unstable carotid stenosis. Worse reactivity parameters of the cerebral arteries are associated with the presence of a large degree of carotid artery stenosis.
Introduction
Carotid artery stenosis >50% is identified by an ultrasound examination in more than 5% of people over 65 years of age, twice as often in men [1, 2] . According to most investigators, the annual risk of cerebral stroke on the side of stenosis is at the level of 1-5% [3] [4] [5] . The degree of stenosis, the plaque morphology (stability) as well as the probability of thrombus formation at the site of stenosis and also the development of collateral circulation and presence of other risk factors for stroke, all influence on the occurrence of neurological symptoms resulting from internal carotid artery stenosis [6] .
The basic method used for diagnostic in patients with carotid artery stenosis is the Duplex Doppler ultrasound examination which allows to assess the degree of stenosis and morphology of stenotic lesions [7, 8] . The ultrasound characteristics of atherosclerotic plaque associated with higher incidence of cerebral ischemic symptoms include: hypoechogenic, or predominantly hypoechogenic plaque structure and irregularities or ulcerations on the surface of the plaque. However, in the recently published literature, the discussion concerning the definition of the so called ''unstable'' or ulcerated carotid plaques continues [9] [10] [11] .
Carotid Duplex Doppler ultrasound is not always a sufficient method to estimate the real risk of cerebral ischemic events. Among available additional diagnostic methods are neurosonological examinations with trancranial Doppler (TCD) ultrasound. TCD enables the assessment of hemodynamic changes in cerebral circulation, development of collateral circulation and detection of microembolic signals (MES) which may be caused by unstable atherosclerotic plaque in carotid arteries [12, 13] .
Arterio-arterial embolism is the main mechanism of ischemic cerebral stroke in patients with internal carotid stenosis. An important role is also played by hemodynamic changes caused by impaired blood inflow and exhaustion of the compensatory abilities of cerebral circulation associated with the presence of significant internal carotid artery (ICA) stenosis [14, 15] . Tests for cerebrovascular reactivity in patients with cerebral circulation insufficiency due to decreased flow resulting from stenosis of the ICA make it possible to assess the vascular reserve. Decrease in the vascular reserve indicates that the adaptation capabilities of the local cerebral flow have been exhausted in response to hypoperfusion and inefficient collateral circulation. Diagnosing such events in patients with ICA stenosis may serve as an additional argument for the necessity of interventional treatment to restore extracranial patency [16] [17] [18] . Both factors, microembolisation as well as vascular reserve decrease can coexist in patients with carotid stenosis, however, the prediction of the main factor responsible to the brain ischemic complication in the clinical setting remains still very difficult. The aim of the study was to assess cerebral embolism and vascular reserve parameters with the use of Doppler examination in patients with symptomatic as well as asymptomatic carotid artery stenosis.
Materials and methods
The study included 60 patients (18 women and 42 men), mean age 66.29 years (AESD 7.77), with symptomatic (38 individuals) or asymptomatic [22] atherosclerotic internal carotid artery stenosis above 50%. In the group of symptomatic patients, neurological symptoms including stroke, reversible ischemic neurological deficit or transient ischemic attack were diagnosed within 6 months before the inclusion into the study (the onset of the neurological complains from 15 to 154 days before the ultrasound examination and carotid artery stenosis diagnosis).
The study inclusion criteria covered: unilateral atherosclerotic internal carotid artery stenosis above 50% confirmed by the means of with the US Duplex Doppler examination. The exclusion criteria included: non-atherosclerotic stenosis; occlusion or stenosis ≥50% ICA on the contralateral side; potential causes of cerebral embolism other than atherosclerotic lesions in the carotid artery (atrial fibrillation, mitral and/ or aortic valve stenosis, mechanical heart valve, previous myocardial infarction, persistent foramen ovale or another defect, interatrial septal aneurysm, hypo/akinesia of the cardiac walls, cardiac cavity myxoma, thrombus in the left ventricle or atrium, carotid artery dissection or intraluminal thrombosis)visible in the US examination and brain damage other than of a vascular origin (according to the assessment of the computed tomography or magnetic resonance imaging of the headimaging study performed in all subjects). All the patients were also rated in relation to the occurrence of stroke risk factors and comorbidities which included: arterial hypertension, ischemic heart disease, diabetes, obesity, peripheral artery disease, chronic kidney disease, lipid disorders and nicotinism.
All the patients included into the study went through: Duplex Doppler ultrasound examination of the carotid and vertebral arteries as well as transcranial Doppler examination of cerebral arteries with assessment of vascular reactivity and monitoring of the middle cerebral artery for the presence of microembolic signals. The duplex carotid and vertebral artery test was performed with the 7.5 MHz linear array probe of PHILIPS ENVISOR C02 along with the assessment of the degree of stenosis and atherosclerotic plaque morphology. Grading of carotid stenosis was based on morphological information (B-mode images, color flow imaging), velocity measurements (in a stenosis and poststenotic segment) and the assessment of collateral flow according to combined criteria for grading internal carotid stenosis published by von Reutern et al. [19] .
Plaque echogenicity was based on the Gray-Weale classification and evaluation of the Greyscale Median (GSM) after the normalization of ultrasound images [20, 21] . Basing on ultrasound examinations the plaque echogenicity was divided into two categories: hypoechogenic (GSM ≤ 25) and hyperechogenic (GSM > 25). The presence of ulcerations on the surface of atherosclerotic plaque was also assumed as a characteristic of unstable atherosclerotic plaque. Ulceration was determined as a plaque surface niche or crater filled with reversed flow visible in a longitudinal and a transverse plane. Flow disturbances on the plaque surface were imaged using color-coded duplex sonography. Retrogade flow components within a niche were recognized due to the inverse (blue) color coding. Ulcerations in tight stenoses (>70%) were assessed using color-coded duplex examination with adjusting the color scale. Additionally, the plaque surface was delineated using color coding in the power Doppler mode. Flow disturbances and irregularities on the plaque surface visible in both methods were classified as an ulceration. The presence of intraluminar fresh thrombus was excluded basing on the absence of their potential ultrasound features (compressible, mobile, hypoechogenic, ''cigar-shaped'' intraluminar structure) coexisting with the lack of clinical circumstances enabling the formation of fresh thrombus.
Intracranial arteries were examined with the TCD method by assessing the hemodynamic parametersmean velocity (Vmean) of flow in the arteries (periorbital arteries, middle cerebral arteries, anterior cerebral arteries, posterior cerebral arteries, vertebral arteries and basilar artery), vasomotor reactivity and by recording microembolic signals. A Pioneer 2002 TC device by EME, equipped with a 2 MHz pulse-wave Doppler ultrasound probe was used in the test. Cerebral embolism was registered for 30 min in the middle cerebral artery (MCA) at a depth of 55-60 mm on the side of the stenoted artery held in place by headband in 57 patients. The registered embolic signals met the Spencer criteria [22] . In order to evaluate the cerebrovascular reactivity, a test to assess the vasomotor reactivity reserve of the cerebral vessels (VMRr -Vasomotor Reactivity reserve) was used along with Breath Holding Index test (BHI) in accordance with the available standard protocols [23, 24] . The result of vasomotor reactivity reserve test was reported as the percentage change of mean velocity (Vmean) in the MCA measured during hypocapnia obtained through hyperventilation in relation to hypercapnia caused by breath holding (VMRr = [max Vmean{breath holding} À min Vmean {hyperventilation}]/resting Vmean Â 100). Hyperventilation lasted approximately 2 min; breath holding time was approximately 30 s. The BHI test score was calculated as a percentage increase in mean velocity in the MCA at the time of breath holding in relation to the velocity at rest divided by the time of breath holding according to the Markus-Harrison method [23] . During the reactivity test, the CO 2 content in expired air (endtidal CO 2 concentration, EtCO 2 ) was monitored continuously using cardiomonitor Philips Intellivue MP30 with capnography measurement module. The prespecified EtCO 2 partial pressure cut off values were: ≥45 mmHg for hipercapnia (during breath holding) and ≤30 mmHg for hypocapnia (during hyperventilation).
The results of Duplex Doppler ultrasound examination were analyzed along with the assessment of carotid stenosis severity, the surface and morphology (echogenicity) of atherosclerotic plaque and the results of transcranial ultrasound tests with the assessment of blood flow velocity in the middle cerebral artery on the side of stenosis, cerebrovascular reactivity indices (VMRr and BHI) and the presence of microembolic signals. Comparisons were made based on the presence of symptoms, the degree of stenosis, and the plaque echogenicity and surface of atherosclerotic plaque.
All the patients were informed about the aim and course of the study and they have expressed their informed consent. The plan to carry out the study was approved by the Bioethics Committee of the Silesian Medical Academy (decision No: NN-6501-90/I/05).
Statistical analysis was performed with the tests set out below. Basic statistical parameters were calculated for interval scale variables. Compliance of the distribution of these variables with normal distribution was verified using the Shapiro-Wilk test. Count and percentage distributions in respect of variable categories were set for nominal variables. Comparisons of mean/median values in the case of interval scale variables were made using the t-test (for variables with normal distribution) or the Mann-Whitney U test (for those variables whose distribution differed from normal distribution). Comparisons of groups in the case of nominal variables were performed using the chi-squared test or Fisher's test, depending on the size of the groups. Interdependencies between the parameters assessing vascular reactivity (VMRr and BHI) were presented by calculating the Spearman's rank correlation coefficient and its level of statistical significance. Significance level of p ≤ 0.05 was assumed to be substantial.
Results
Stenosis ≥70% and the ulceration on the surface of atherosclerotic plaque occurred significantly more often in the group of patients with symptomatic stenosis than in those with asymptomatic stenosis (Table 1) . Plaque ulceration was found significantly more often in the group of patients with stenosis ≥70% (12 patients, 35.29%) than in the group of patients with stenosis of 50-69% (2 individuals, 7.69%, p = 0.01) and significantly more often in the patients with hypoechogenic plaques (11 patients, 34.36%) than in the patients with more stable (hyperechogenic) plaque morphology (3 cases, 10.71%, p = 0.003).
Microembolic signals in TCD test were recorded significantly more often in the symptomatic stenosis group than in asymptomatic patients; in patients with stenosis ≥70% than in the 50-69% stenosis group as well as in patients with ulcerations diagnosed on the surface of atherosclerotic plaque and those with hypoechogenic plaques ( Table 2 ). The mean number of MES was 3.16 AE 2.01 (median 3, range 1-8). There were no statistically significant differences in the number of MES regarding the presence of symptoms of the stenosis (mean 3.17 AE 2.06, median 2.5 in patients with symptomatic stenosis vs. mean 3 AE 0, median 3 in patient with asymptomatic stenosis), the degree of the stenosis, Parameters evaluating vasoreactivity, VMRr and BHI, were significantly lower in the group of patients with stenosis ≥70% than in the group with stenosis of 50-69% and in patients with ulcerations on the surface of atherosclerotic plaque (Table 3 ). There were no significant differences in MCA mean velocity between the assessed groups ( Table 3) .
A statistically significant correlation was found between VMRr and BHI in all patients (r = 0.081, p = 0.02). The patients who showed microembolic signals had significantly lower values of VMRr and mean velocity in the MCA than in the group of patients without microembolic signals (Table 4 ).
Discussion
Pharmacological and/or interventional treatment applied in patients with carotid artery stenosis is to prevent cerebral ischemic events. The choice of method depends on the result of the patient's clinical assessment and analysis of the morphology of lesion narrowing the artery, also based often on ultrasound examination results [25] . The risk arising from interventional treatment should not be greater than the risk arising from the natural course of the disease and applied pharmacotherapy. In recent years, the effectiveness of conservative treatment has significantly improved in relation to the propagation of the use of statins, antiplatelet drugs and better control over other factors associated with the development of cardiovascular diseases [26] . Diagnostic methods to allow for optimal patient selection criteria are still sought in relation with pharmacological and interventional treatment. In this respect, the importance of transcranial neurosonological examinations along with the assessment of cerebral embolism has been confirmed [12] .
The present study identified the following ultrasonographic characteristics of symptomatic atherosclerotic lesions in the carotid arteries: the degree of stenosis >70%, hypoechogenic structure, ulceration on the surface of the plaque, the presence of microembolic signals recorded in the examination of ipsilateral MCA. The obtained results are consistent with the observations of other authors [5, 27, 28] . Microembolic signals in patients with stenosis of the ICA are considered to be the markers of stenotic atherosclerotic plaque instability. According to Sharma et al. [12] , both, the presence of embolic signals and the exhaustion of vascular reserve prove the instability of stenoses also in asymptomatic patients.
Evaluation of cerebrovascular reactivity with the use of TCD test is not included in standard evaluation to qualify patients with stenosis of the ICA for surgical treatment, but it can serve as a source of valuable information. In the present study, the patients with stenosis ≥70% and ulcerations on the surface of atherosclerotic plaque showed reduced cerebrovascular reactivity parameters on the side of ICA stenosis in comparison with patients with moderate degree of stenosis and without ulcerations on the plaque surface.
In the available literature, ambiguous reports related to the relationship between cerebrovascular reactivity and the presence of symptoms of ICA can be found [29] [30] [31] . In the present study, no significant differences between asymptomatic and symptomatic patients with arterial stenosis were observed in the VMRr analysis. Similar findings were presented by Baracchini et al. [32] , who also found that carotid revascularization improves reactivity in patients with unilateral stenosis and occlusion of the ICA on the contralateral side. The authors confirmed that VMRr depends on the degree of stenosis and not on the presence of symptoms.
The main cause of ischemic stroke associated with stenosis of the ICA is the arterio-arterial embolism; in rarer cases (10-15%) cerebral ischemia results from the reduction in the blood flow volume, if no collateral circulation pathways have been created. Maintenance of proper cerebral flow, despite the presence of ICA stenosis, is possible through mechanisms of cerebral autoregulation. In our study, there were no significant differences in mean flow velocity in MCA between patients with stenosis ≥70% and with stenosis <70%. Shakur et al. [33] also found no association between MCA flow and the degree of carotid stenosis, using quantitative magnetic resonance angiography as the flow measurement method. Hemodynamic effects of carotid stenosis do not translate directly to distal vasculature. The flow compensation is possible by collateral flow and may not result in significant hemodynamic changes in the blood flow of intracranial arteries. Autoregulation allows to maintain an adequate cerebral flow, but only if it is appropriate and if efficient collateral circulation is sustained [16, 18, 29, 34, 35] .
Worse cerebrovascular reactivity was observed in the present study in patients with more severe stenosis as well as ulcerations on the surface of the plaque. Worse parameters may be also influenced by the changes associated with the remodeling of arteries in the course of arterial hypertension and atherosclerosis. In patients with microembolic signals (MES) we found lower values of vasomotor reactivity reserve test and lower mean velocity in MCA. The Breath Holding Index (BHI) was also lower, but the difference did not reach statistical significance, probably because of the small number of the studied group and the methodological differences (VMRr test is based on the measurement of mean velocity during hypo-and hypercapnia and in the BHI only hypercapnic phase is included). Lower values of mean flow velocity and reactivity parameters indicate for hypoperfusion, which may impair the clearance (washing-out) of emboli.
Cerebrovascular reactivity assessment as well as plaque feature analysis may have a prospective importance and may be used diagnostic tools in cerebrovascular risk and post stroke disability stratification [29, 36] . Uzunca et al. found an association of reduced reactivity parameters with disability progression in patients with vascular brain damage. In a sixmonth follow-up, patients with abnormal cerebrovascular reactivity parameters showed worse results on the ADL Barthel scale [37] .
Finally, some limitations of the study should be also mentioned including the limited number of patients as well as only unilateral monitoring of the cerebral embolism.
Conclusions
Microembolic n e u r o l o g i a i n e u r o c h i r u r g i a p o l s k a 5 0 ( 2 0 1 6 ) 3 5 6 -3 6 2
